Entry of hepatitis B (HBV) and hepatitis D viruses (HDV) into a host cell represents the initial step of infection. This process requires multiple steps, including the low-affinity attachment of the virus to the cell surface, followed by high-affinity attachment to specific receptor(s), and subsequent endocytosis-mediated internalization. Within the viral envelope, the preS1 region is involved in receptor binding. Recently, sodium taurocholate cotransporting polypeptide (NTCP) has been identified as an entry receptor of HBV and HDV by affinity purification using a preS1 peptide. NTCP is mainly or exclusively expressed in the liver, and this membrane protein is at least one of the factors determining the narrow species specificity and hepatotropism of HBV and HDV. However, there are likely other factors that mediate the species and tissue tropism of HBV. This review summarizes the current understanding of the mechanisms of HBV/HDV entry. , infect primarily hepatocytes of humans, chimpanzees, and tupaias. The HBV life cycle consists of steps including attachment, internalization, nuclear import, covalently closed circular DNA (cccDNA) formation, transcription, protein translation, encapsidation of viral RNA, reverse transcription and synthesis of genomic DNA, envelopment, and release of infectious virus particles (Fig. 1) . Although HBV replication, including transcription and release, can be reproduced in many hepatocyte-derived cell lines from human and other species, HBV entry is much more restricted. So far, it occurs only in narrow host cells, including primary human (PHH) and tupaia hepatocytes (PTH) and differentiated HepaRG cells, which show a differentiated phenotype of hepatocytes (Gripon et al. 1988; Walter et al. 1996; Gripon et al. 2002) . These cells have contributed to the clarification of the viral entry pathway, especially the role of viral proteins in the entry process. Recently, sodium taurocholate cotransporting polypeptide (NTCP) has been discovered as an entry receptor of HBV and HDV (Yan et al. 2012). This finding has led to the establishment of cell culture models for HBV and HDV infection and the identification of new antiviral compounds. However, recent findings suggest that there remain additional, as-yet unidentified host factor(s) that might contribute to HBV infection and its species specificity. This article reviews the current understanding of the molecular mechanisms for HBV/HDV entry and factors involved in
H
epatitis B virus (HBV) and hepatitis D virus (HDV), a viroid-like satellite RNA virus (see Rizzetto 2015; Taylor 2015) , infect primarily hepatocytes of humans, chimpanzees, and tupaias. The HBV life cycle consists of steps including attachment, internalization, nuclear import, covalently closed circular DNA (cccDNA) formation, transcription, protein translation, encapsidation of viral RNA, reverse transcription and synthesis of genomic DNA, envelopment, and release of infectious virus particles (Fig. 1) . Although HBV replication, including transcription and release, can be reproduced in many hepatocyte-derived cell lines from human and other species, HBV entry is much more restricted. So far, it occurs only in narrow host cells, including primary human (PHH) and tupaia hepatocytes (PTH) and differentiated HepaRG cells, which show a differentiated phenotype of hepatocytes (Gripon et al. 1988; Walter et al. 1996; Gripon et al. 2002) . These cells have contributed to the clarification of the viral entry pathway, especially the role of viral proteins in the entry process. Recently, sodium taurocholate cotransporting polypeptide (NTCP) has been discovered as an entry receptor of HBV and HDV (Yan et al. 2012) . This finding has led to the establishment of cell culture models for HBV and HDV infection and the identification of new antiviral compounds. However, recent findings suggest that there remain additional, as-yet unidentified host factor(s) that might contribute to HBV infection and its species specificity. This article reviews the current understanding of the molecular mechanisms for HBV/HDV entry and factors involved in determining their species specificity and tissue tropism.
DOMAINS WITHIN HBV SURFACE PROTEINS THAT ARE ESSENTIAL FOR HBV AND HDV INFECTIONS
HBV and HDV share the same envelope proteins, termed HBV surface proteins (HBs), on the surface of their particles (Taylor 2013) . It is, therefore, assumed that HBV and HDV enter host cells by very similar or even identical mechanisms. HBs are composed of three proteins, the large (LHBs), medium (MHBs), and small (SHBs) surface proteins, which include the preS1, preS2, and S regions, respectively (Fig. 2) (Stibbe and Gerlich 1983; Heermann et al. 1984) . HBV particles include morphologically different constituents, containing abundant spherical and filamentous subviral particles (SVPs) and only a minor population of infectious HBV virions, also known as Dane particles (Patient et al. 2009 ). Infectious HBV virions carry all three HBs subtypes, in contrast to noninfectious spherical SVPs, which contain mainly SHBs and a small portion of MHBs, but not LHBs. Infectious HDV particles also contain LHBs, MHBs, and SHBs.
Studies using neutralizing antibodies and site-directed mutagenesis have suggested that the S and preS1, but not the preS2, regions play a critical role in mediating HBV infection HBVattaches to host hepatocytes, and subsequent entry steps follow, including internalization and membrane fusion. After nuclear import, the relaxed circular HBV DNA genome is converted into covalently closed circular DNA (cccDNA). HBV replication proceeds with steps, including transcription, translation, encapsidation, reverse transcription, DNA synthesis, envelopment, release, and recycling. Only certain cell cultures can reproduce the steps from attachment to cccDNA formation, such as primary human (PHH) and tupaia (PTH) hepatocytes, differentiated HepaRG cells, and human hepatocyte-derived cell lines complemented with human sodium taurocholate cotransporting polypeptide (hNTCP). HBc, HBV core proteins; LHBs, large HBV surface proteins; MHBs, medium HBV surface proteins; pgRNA, pregenomic RNA; rcDNA, relaxed circular DNA; SHBs, small HBV surface proteins.
(Le Seyec et al. 1998; Abou-Jaoude and Sureau 2007; Salisse and Sureau 2009; Ni et al. 2010; Bremer et al. 2011 ). In the S region, amino acids (aa) 118 -129 within the antigenic loop, especially G119, P120, C121, R122, and C124, which are located between transmembrane regions II and III and exposed to the virion surface, are critical for viral infectivity (Abou-Jaoude and Sureau 2007) . Although the exact role of this region in viral infection has not been fully clarified, it has been reported that the antigenic loop mediates binding to heparan sulfate proteoglycans (HSPGs) on the host cell surface for the initial low-affinity attachment (discussed in the next paragraph) (Sureau and Salisse 2013) . More important, a series of analyses using neutralizing antibodies, deletion and point mutagenesis, and peptide competition suggest that the preS1 region is essential for viral infection, probably through interaction with a specific receptor(s) on the cell surface (Le Seyec et al. 1999; Hong et al. 2004; Barrera et al. 2005; Glebe et al. 2005; Gripon et al. 2005; Engelke et al. 2006; Bremer et al. 2011) . The amino-terminal end of the preS1 region is myristoylated, and this modification plays a significant role in infection (Gripon et al. 1995; Bruss et al. 1996) through the promotion of receptor binding (De Falco et al. 2001) . Deletion analysis within the preS1 region suggested that aa 2-48 constitute the most essential region for infection (Le Seyec et al. 1999; Glebe et al. 2005; Engelke et al. 2006 ). Later, this region was shown to be a binding site for NTCP and to mediate the early viral entry process (Yan et al. 2012; Ni et al. 2014 ). From the above evidence, Myrcludex-B, a synthetic N-acylated preS1 lipopeptide consisting of the aa 2-48 region that shows a strong capacity to inhibit HBVentry with a subnanomolar IC 50 , is currently under clinical development as a new anti-HBV agent (Petersen et al. 2008; .
MULTISTEP PROCESS FOR HBV AND HDV ENTRY
HBVand HDV infections of hepatocytes follow a multiple stepwise process (Fig. 3) . Initially, viruses attach to host cells with low affinity in a reversible manner. This initial step involves cell surface molecules, including HSPGs (Schulze et al. 2007; Leistner et al. 2008; Lamas Longarela et al. 2013; Sureau and Salisse 2013) . Subsequently, viruses interact with their specific receptor(s) with high affinity, triggering the early entry process. As described in the following paragraph, NTCP functions as an entry receptor for HBV and HDV (Yan et al. 2012; Iwamoto et al. 2014; Ni et al. 2014) , although the precise mechanism for triggering viral internalization has not yet been clarified. Internalization of the viruses into host cells occurs through endocytosis. This step has been reported to involve clathrin-, caveolae-, and macropinocytosis-dependent endo- cytosis, which differ depending on the types of host cells, virus particles, and experimental conditions (Cooper and Shaul 2006; Macovei et al. 2010; Huang et al. 2012; Gao et al. 2013) . After fusion of viral and cellular membranes inside certain vesicles, of which the molecular mechanisms have not been revealed, the nucleocapsid inside the envelope enters the cytoplasm and, ultimately, translocates into the nucleus.
NTCP AS AN ENTRY RECEPTOR FOR HBV AND HDV
After years of intense efforts, NTCP was finally revealed to be an entry receptor of HBV and HDV (Yan et al. 2012 ). This finding was initiated by affinity purification of a primary tupaia hepatocyte (PTH) lysate using a lipopeptide consisting of aa 2-48 of the preS1 region ( preS1 peptide) as bait. Figure 3 . Schematic representation of the HBVentry pathway. HBV particles attach to host hepatocytes through cell-surface factors, including heparan sulfate proteoglycans (HSPGs) with low affinity. The particles then interact with higher affinity with a specific receptor, sodium taurocholate cotransporting polypeptide (NTCP), to mediate the ensuing internalization. Internalization occurs in an endocytosis-dependent manner. The viral and cellular membranes are fused in certain vesicles and the nucleocapsids inside the viral particles are released into the cytoplasm, and are then destined to traffic to the nucleus for translocation via the nuclear pore complex.
HepG2, Huh-7, FLC4, and HeLa cells (Watashi et al. 2014b) . Importantly, physiological expression of NTCP is limited almost exclusively to the liver in humans (Hagenbuch et al. 1991; Hilgendorf et al. 2007) .
NTCP, also known as a solute carrier family 10A1 (SLC10A1), is a member of the SLC10 transporter family and is a sodium-dependent transporter for bile acids (Dawson et al. 2009 ). NTCP on the plasma membrane cotransports one molecule of extracellular bile salt together with two sodium ions across the membrane. Its major natural substrates are conjugated bile acids, such as taurocholic acid, taurodeoxycholic acid, and taurohyodeoxycholic acid, but other xenobiotics, including statins, propranolol, furosemide, and micafungin, can be also transported by NTCP (Kramer et al. 1999; Hata et al. 2003; Yanni et al. 2010; Greupink et al. 2011; Stieger 2011) . NTCP is distributed mainly on the basolateral membrane of hepatocytes and is involved in the enterohepatic circulation of bile salts. hNTCP is a 349-aa protein of 56 kDa in size and contains 7 -9 putative transmembrane domains with its amino-terminal end in the extracellular region and carboxyterminal end in the cytoplasm (Hagenbuch and Meier 1994; Hallen et al. 2002; Mareninova et al. 2005 ). However, its crystal structure has not been solved so far. Recently, the structure of a related protein, apical sodium-dependent bile salt transporter (ASBT), which is also known as SLC10A2, from Neisseria meningitis (ASBT NM ) and Yersinia frederiksenii (ASBT Yf ) has been solved by X-ray crystallography (Hu et al. 2011; Zhou et al. 2013 ). However, ASBT NM contains a 10-transmembrane domain and a hydrophobic inward-facing binding cavity, which is structurally different from the hNTCP model that is predicted from structural modeling, as well as experimental data from topological analyses using antibodies and fusion tags.
MOLECULAR REQUIREMENT OF NTCP IN HBV AND HDV ENTRY
Mutation analysis of rat NTCP and the crystal structures of ASBT can be used to predict bile salt-binding sites and sodium-binding sites on hNTCP (Zahner et al. 2003; Sun et al. 2006; Hu et al. 2011) . There are several studies that have attempted to determine the contribution of the region within hNTCP responsible for viral infection. Mutations of NTCP residues critical for bile salts binding or uptake (N262, S267, Q293/ L294) severely reduced preS1 binding and HBV and HDV infections (Yan et al. 2014 ), suggesting that the putative bile acids-binding sites on NTCP overlap with the sites for binding to the preS1 region on HBV. Mutations in the sodiumbinding sites (Q68, S105/N106, E257, Q261) also reduced preS1 binding and viral infections, but to a lesser extent than the bile acids -binding mutations. However, reduced transporter activity of NTCP caused by low concentration of sodium in the testing solution did not have a major effect on preS1 binding and HBV and HDV infections, indicating that the inward flow of a sodium current across cell membranes may not be required for viral entry.
Comparisons of NTCP sequences between species have shown that the region spanning aa 157 -165 critically contributes to the binding to the preS1 region and thereby supports viral infection, suggesting that this region is involved in HBV binding (Yan et al. 2012) . Sequence swapping between mouse and human NTCP has shown that aa 84 -87 from humans can support viral infection with mouse NTCP, whereas replacement of aa 84-87 in hNTCP by its mouse counterpart drastically decreases preS1 binding and HBVand HDV infections, indicating that aa 84 -87 is also involved in viral attachment and infection (Yan et al. 2013; Ni et al. 2014) . Compared with the aa 157-165 region (KGIVISLV), which contains multiple hydrophobic residues, the aa 84 -87 region (RLKN) in hNTCP, which is more hydrophilic and likely exposed to extracellular solvents, may be involved in direct binding to the preS1 region of HBV particles. In contrast, region 157 -165 may be important for maintaining NTCP conformation, or may function after a conformational change of NTCP triggered by primary binding between preS1 and NTCP. To understand the precise regional requirements within NTCP and their roles in viral attachment and infection, the crystal structure of NTCP needs to be solved.
OTHER FACTOR(S) DETERMINING HOST SUSCEPTIBILITY TO HBV INFECTION
For reasons that are not yet understood, ectopic expression of hNTCP confers susceptibility to only a fraction of human hepatocyte cell lines, such as Huh-7, HepG2, and undifferentiated HepaRG cells (Yan et al. 2012; Iwamoto et al. 2014; Ni et al. 2014) . So far, HepG2 cells show the highest infection efficiency following expression of hNTCP; however, ,10% of the cells were infected with HBV according to the original studies (Yan et al. 2012) , and~20% were infected with high amounts of viral inoculum in other reports (Iwamoto et al. 2014 ). Intriguingly, pretreatment of hNTCP-expressing HepG2 cells with 2.5% -3% dimethyl sulfoxide (DMSO) augmented the infection efficiency to 50% -70% (Iwamoto et al. 2014; Ni et al. 2014) . It remains unclear why only a portion of the cells that express hNTCP is susceptible to HBV and HDV. Moreover, HepG2 transformants expressing equivalent levels of NTCP protein on their cell surfaces differ in their susceptibility to HBV infection (Watashi et al. 2014a) . These data indicate that susceptibility to HBV infection is governed by factors other than simple expression levels of NTCP. Such factors include posttranslational modification of NTCP, cell cycle status, and/or the presence of other unknown factors essential for HBV infection.
Interestingly, a new human hepatoma cell line, HLCZ01, was recently established, and these cells can be infected with HBV without ectopic expression of hNTCP (Yang et al. 2014) . These cells were established by isolation of cells from a liver tumor and transplantation into nonobese diabetic/severe combined immune deficiency (NOD/SCID) mice. HLCZ01 cells express high levels of liver-specific genes, such as albumin, a1-antitrypsin, HNF4, cytochrome P450 3A4, and miR-122. The investigators detected NTCP in HLCZ01 cells, but it is curious, in their paper, that NTCP could be also detected in Huh-7 and HepG2 cells at a similar level to that in PHH. Inoculation with HBVat 20 HBV DNA genome equivalents/cell produced 3% HBs-positive cells at day 5 posttreatment and 36% by day 85. Treatment with lamivudine or preS1 peptide reduced the accumulation of HBsAg, HBV DNA, and HBV RNA-positive cells, suggesting that this cell line supports the spread of HBV to naïve cells in the culture. In contrast, HBV infections of HepaRG cells result in a single-cycle infection, probably because the levels of HBV production are insufficient to permit a second round of infection. Although these results require more validation, this cell line might become a useful tool to further clarify the molecular mechanisms of HBV and HDV entry, replication, and spread.
SPECIES SPECIFICITY
Hepadnaviruses, in general, have a narrow host range, restricted to species related to their natural hosts. So far, HBV has been reported to infect humans, chimpanzees, and Tupaia belangeri, but not mice and rats (Walter et al. 1996; Kock et al. 2001) . The ability of the PreS1 peptide to bind hepatocytes from nonsusceptible species, such as mouse, rat, and dog, both in vitro and in vivo suggests that species specificity is determined by postattachment processes (Meier et al. 2013; Schieck et al. 2013) . As rodent cells support appropriate transcription, assembly, and secretion of HBV after transfection of HBV-encoding transgenes (Araki et al. 1989; Guidotti et al. 1995) , the blockade of infection in nonsusceptible species is likely because of host factor(s) related to early steps in the viral life cycle, including internalization, nuclear import, and cccDNA formation (Fig. 1) . NTCP, which is likely to be involved in internalization as well as attachment, is 83.9% identical between tupaia (tsNTCP) and humans (hNTCP), 96.3% identical between crab-eating monkey (monkey sodium taurocholate cotransporting polypeptide [mkNTCP]) and humans, and 73.8% identical between mouse (mouse sodium taurocholate cotransporting polypeptide [mNTCP]) and humans. As mentioned earlier, hNTCP and tsNTCP can support HBV and HDV infections when expressed in HepG2 cells (Yan et al. 2012) , whereas mNTCP does not confer HBV/HDV susceptibility (Yan et al. 2013) . It is possible that mNTCP binds to HBV particles, but does not mediate viral internalization after attachment.
A second HBV-specific restriction step may occur after internalization. Complementation of hNTCP in mouse and rat hepatocyte cell lines, such as Hepa1-6, MMHD3, Hep56.1D, TC5123, AML-12, and primary mouse hepatocytes, can support HDV infection (Yan et al. 2013; Li et al. 2014; Ni et al. 2014) . In contrast, these cells do not support HBV infection, although preS1 attachment is observed. Considering that HBV and HDV share the same envelope proteins and, likely, the same mechanistic pathway for the entry process, these results suggest that cellular factor(s) functioning at the postentry step are important for achieving infection of HBV, but are dispensable for HDV infections. Notably, HDV, but not HBV, can infect woodchuck hepatocytes, indicating that other human gene(s) are additionally required for HBV infections, but not for HDV infections (Taylor 2013) .
HBV and HDV are assumed to attach and internalize into host hepatocytes by very similar or identical mechanisms (Taylor 2013) . After release into the cytoplasm, HBV nucleocapsids and HDV ribonucleoprotein complexes may follow different pathways and require different host factors. Additionally, innate immune factors inside hepatocytes can recognize HBV and HDV differently to eliminate viruses at postentry steps. Thus, there are at least two possibilities for why infection of HBV and HDV can be distinguished in mouse hepatocytes expressing hNTCP: (1) loss of expression of host factor(s) that are required for infection of HBV but not HDV, or (2) expression of restriction factor(s) that eliminate HBV but not HDV. In an examination of the latter possibility, STING, TBK1, IRF3, and IRF7, major components of antiviral signaling pathways, did not affect HBV infection in mouse hepatocytes ). Importantly, a recent report showed that a heterokaryon established by fusing hNTCP-overexpressing mouse Hepa1-6 cells with HepG2 cells could be infected with HBV . These data favor the possibility that mouse hepatocytes are deficient for cellular factor(s) required for HBV infection. Future analyses will be needed to identify these factor(s), which are necessary to better understand the molecular basis of species specificity of HBV and other hepadnaviruses. In contrast, species specificity of HDV infection is determined mainly by the sequence of NTCP. Thus, NTCP-related research has revealed unexpected differences between the mechanisms of HBV and HDV infections.
TISSUE TROPISM
HBV and HDV primarily or exclusively infect hepatocytes. A radiolabeled preS1 peptide shows specific accumulation in the liver in vivo, suggesting that viral attachment to host cells is the predominant step for determining the hepatotropism of HBV and HDV (Schieck et al. 2013) . NTCP is distributed almost exclusively in the liver in humans (Hagenbuch et al. 1991; Hilgendorf et al. 2007 ). When hNTCP is ectopically expressed in nonhepatocyte cells, such as the human cervical cancer cell line HeLa, Chinese hamster ovary (CHO), and Africa green monkey kidney Vero cells, HDV binds and infects these cells (Yan et al. 2013) , indicating that NTCP is the main barrier to distinguish and select hepatocytes as a host of HDV. In contrast, again, HBV does not achieve infection in these cells after expression of hNTCP. This suggests the existence of other restriction step(s) after attachment/internalization of HBV. During HBV replication, the transcription from cccDNA to produce viral RNA requires host transcription factors, such as peroxisome proliferator-activated receptor-a (PPARa), retinoid X receptor-a (RXRa), hepatocyte nuclear factor 4 (HNF4), and CCAAT/enhancer-binding protein (C/EBP) (Trujillo et al. 1991; Raney et al. 1997; Yu and Mertz 1997; Tang and McLachlan 2001) . HNF4 shows high expression in the liver, and is also expressed in the kidney and intestine (Sladek et al. 1990) , and, thus, transcription is obviously one of the restriction steps against HBV in nonhepatocyte cells.
CONCLUDING REMARKS
A series of studies, starting more than a decade ago, has revealed that the preS1 region is essential in the entry process of HBV and HDV.
During these analyses, the development of culture systems using PHH, PTH, and HepaRG cells has had a significant contribution. The recent discovery of NTCP as a specific entry receptor of HBVand HDV is not only a milestone in itself in this research field, but has also accelerated the establishment of cell culture models that are useful for analyzing the molecular mechanisms underlying HBV and HDV infections. Future analyses using these systems are expected to uncover additional factors that regulate the infection and determine species tropism. These achievements might contribute to the future development of animal models for these viruses, allowing the development of new anti-HBV agents, as well as progress on the understanding of virus -host interactions.
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